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Type 2 diabetes mellitus is a severe disease with large economic 
consequences, which is significantly under-diagnosed and incompletely 
treated in the general population. Control of blood glucose levels is a key 
objective in treating diabetic patients, who are most often prescribed one or 
more oral hypoglycaemic agents in addition to diet and exercise modifica- 
tion as well as insulin. In spite of the availability of different classes of 
hypoglycaemic drugs, treatment regimens are often unable to achieve an 
intensive degree of glucose control known to most effectively reduce the 
incidence and severity of diabetic complications. Hepatic glucose output is 
elevated in type 2 diabetic patients and current evidence indicates that 
glycogenosis (release of monomeric glucose from the glycogen polymer 
storage form) is an important contributor to the abnormally high production 
of glucose by the liver. Glycogen phosphorylase is the enzyme that 
catalyses this release and recent advances in new inhibitors of this structur- 
ally and kinetically well studied enzyme have enabled work which further 
delineate the pharmacological and physiological consequences of 
inhibiting glucose production by this pathway. Most notably, these agents 
lower glucose in diabetic animal models, both acutely and chronically, 
appear to affect both gluconeogenic and glycogenolytic pathways and 
demonstrate potential for a beneficial effect on cardiovascular risk factors. 
Cumulatively, this information has bolstered interest and promise in 
glycogen phosphorylase inhibitors (GPIs) as potential new hypoglycaemic 
agents for treatment of type 2 diabetes mellitus. 
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1. Introduction 



Diabetes mellitus is a complex disease process, which is characterised by 
altered glucose metabolism and insulin utilisation. Estimates indicate that 
diabetes shortens life expectancy by an average of 15 years. Since 1980, the 
age-related death rate for diabetes has increased 30%, in contrast to other 
serious diseases, such as stroke, cardiovascular disease and cancer where 
mortality rates have levelled off or declined [1-5]. Management of diabetes 
requires a diligent approach of understanding and support on the part of 
the patient, family members and the many practitioners who treat this 



439 

2001 © Ashley Publications Ltd. ISSN 1354-3784 



440 Glycogen phosphorylase inhibitors for treatment of type 2 diabetes mellitus 



Figure 1: Diabetes worldwide: increasing prevalence from 4.0 - 5.4% of adults over 20 years of age. Source: [8,12]. 
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progressive disease. Comprehensive guidelines, 
which are continually re-assessed and revised, 
underscore the dramatic and dynamic medical need 
represented by this disease [5,6]. Approximately 16 
million people in the US have type 2 diabetes mellitus, 
which represents about 90 - 95% of all US diabetes 
cases [7]. The prevalence of diabetes in adults over 20 
years of age is now increasing by 5.4% per year. 
According to the American Diabetes Association, 
there are about 800,000 newly diagnosed diabetics 
per year in the United States alone [8,9]. The 
prevalence of diabetes is projected to increase to over 
25 million by 2010 in the US and to over 300 million by 
2025 worldwide (see Figure 1) [10-13]. This dramatic 
increase in diabetes prevalence is associated with 
general ageing of the world population and increased 
industrialisation of many countries, particularly in 
Asia and Africa. In addition, three specific parameters, 

• Obesity 

• Lack of physical activity 

• Genetic predisposition 

are driving the increased incidence of the disease in 
susceptible individuals. To this end, public health 
strategies directed at surveillance, diagnosis and 
comprehensive management are critical in dealing 
with the clinical and health economic burden of 
diabetes [12,13]. The cornerstone of diabetes 



management lies in glycaemic control but effective 
treatment clearly also requires education, lifestyle 
modification and aggressive management of blood 
pressure, serum lipids, smoking cessation and other 
measures directed at reducing the burden of associ- 
ated cardiovascular disease. The significance of 
macrovascular complications of diabetes (myocardial 
infarction, peripheral vascular disease and stroke), 
particularly type 2 diabetes, is strikingly evident in the 
epidemiological findings of Haffner and colleagues in 
a 1998 report [14]. In a seven-year prospective analysis 
of patients with or without a history of myocardial 
infarction and with or without a diagnosis of type 2 
diabetes, it was determined that type 2 diabetes was a 
better predictor for having a heart attack than was a 
previous heart attack itself (Table 1). 

Results from the Diabetes Control and Complications 
Trial set a standard for aggressive glycaemic control in 
patients with type 1 disease. More recently, positive 
results from the United Kingdom Prospective 
Diabetes Study (UKPDS) demonstrated a 25% 
decrease in microvascular complications in aggres- 
sively treated patients with type 2 diabetes. In the 
UKPDS, a 1% reduction in glycosylated haemoglobin 
(HbAlc) level correlated with a 7% reduction in 
overall mortality and an 18% reduction in combined 
fatal and non-fatal myocardial infarction [15]. Further 
analyses from the UKPDS also support the combined 
approach of aggressive glycaemic control plus blood 
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pressure control to reduce the clinical and economic 
burden of the micro- and macro-vascular complica- 
tions associated with diabetes [5]. It is important to 
note, however, that considerable challenges remain in 
defining adequate standards of control and in identi- 
fying effective treatment strategies that will fully 
impact disease progression and specific cardiovas- 
cular end points (16,17]. Adequate glycaemic control 
in diabetes treatment is defined as achieving an 
HbAlc level of 7%. Health status and clinical 
outcomes support this objective, as it has been 
demonstrated that medical care charges increase 
significantly for every 1% increase in HbAlc above 
this 7% level. The results from the most recent 
National Health and Nutrition Evaluation Study 
(NHANES), however, suggest that only 4 out of 10 
patients treated for diabetes meet this treatment target. 
In order to accomplish better management of 
glycaemia, clinicians may move from initial treatment 
with one agent to more aggressive intervention with 
multiple oral therapies, as well as insulin. 

Oral hypoglycaemic agents have various mechanisms 
of action. Sulphonylureas, a leading class of antidia- 
betic agents dominated by generic compounds, are 
insulin secretagogues used to treat 3.5 million US 
patients. Another 2 - 4 million patients are treated with 
metformin (Glucophage 1 *) , which lowers glucose 
levels by multiple mechanisms. Glitazones are the 
most recently introduced class of antidiabetic agents 
and work by alleviating insulin resistance in the 
periphery. Troglitazone (Rezulin 7 *) was prescribed to 
some 1 million patients in its first year but was 
withdrawn in 2000 from the US market, due to liver 
safety concerns. Pioglitazone (Actos 1 *) and rosiglita- 
zone (Avandia 7 *) are follow-ons in this class. Given as 
monotherapy, the agents listed above are not 
uniformly effective in achieving complete glycaemic 
control and are limited by secondary failure or 
undesired side effects. Diabetics progressing to 
insulin currently incur severe hypoglycaemic risk, 
weight gain and daily parenteral dosing. A clear 
medical need exists, therefore, for oral antidiabetic 
agents that produce better glycaemic control as 
monotherapy or in combination with existing agents. 
In this article, we discuss the potential for developing 
a new class of oral hypoglycaemic agents for antidia- 
betic therapy that work through a mechanism of 
inhibiting the action of the enzyme glycogen 



phosphorylase action; we review the research 
progress which has been made towards discovering 
orally-active glycogen phosphorylase inhibitors. 

2. Role of glycogen phosphorylase in 
diabetes 



2.1 Aetiology of type 2 diabetes 

Although the exact causes of type 2 diabetes have not 
yet been identified, it is well established that diabetes 
is a polygenic disease, characterised by multiple 
defects in insulin action in muscle, adipose tissue, 
liver and defects in pancreatic insulin secretion. The 
relative importance of these distinct events in the 
aetiology of diabetic hyperglycaemia is not clear [18]. 
Over the last decade, peripheral insulin resistance in 
skeletal muscle and adipose tissues has been viewed 
as the primary catalyst for inducing glucose 
abnormalities and frank diabetes. However, recent 
work elucidating the molecular pathways of insulin 
action and glucose homeostasis suggest that 
functional abnormalities in the pancreatic -cells 
and/or the regulation of hepatic glucose production 
may be the first events contributing to the develop- 
ment of a diabetic phenotype [19]. 

2.2 Role of hepatic glucose production and the 
glycogenolysis component in type 2 diabetes 

Hepatic glucose production is an important target for 
diabetic therapy because the liver is the major 
regulator of plasma glucose levels in the 
post-absorptive (fasted) state and also because the 
rate of hepatic glucose production 1 in diabetic 
patients is significantly elevated relative to healthy 
subjects [18,20-22]. Likewise, in the postprandial (fed) 
state, where the liver has a proportionally smaller role 
in supplying glucose to the circulation, hepatic 
glucose production is still abnormally high in diabetic 
patients [23,24], Hepatic glucose production is finely 
regulated by the counteractive effects of glucagon and 
insulin, among other factors but in the diabetic state, 
where lack of insulin (type 1 diabetes) or resistance to 
insulin action (type 2 diabetes) is coupled with 
hyperglucagonaemia, liver glucose production is 
abnormally high and contributes to the hypergly- 
caemia observed. 



Hn this review the term 'hepatic glucose production' will be used instead of 'endogenous glucose production* since this discussion 
focuses on the liver. The reader should be aware the kidney provides a minor component (ca. 1 0%) of endogenous glucose production. 
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Equation 1: 



Hepatic glucose production = Glycogenolysis + Gluconeogenesis 



Hepatic glucose production is the net sum of two 
metabolic processes performed by the liver: 
glycogenolysis (breakdown of the glucose polymer 
glycogen) and gluconeogenesis (synthesis of glucose 
from 3-carbon precursors). The measurement of 
hepatic glucose production in post-absorptive 
subjects is commonly performed by monitoring 
changes in the specific activity of an infused radioac- 
tive tracer, such as [6- 3 H] glucose [251. However, in 
vivo measurements to determine the contributions of 
glycogenolysis versus gluconeogenesis to the rate of 
hepatic glucose production are encumbered with 
challenges to existing methodology that make quanti- 
tative assessment difficult. It is not methodologically 
feasible to measure both hepatic glycogenolysis and 
gluconeogenesis simultaneously in a human subject; 
therefore the standard experimental practice is to 
measure the rate of hepatic glucose production plus 
one of the other variables (glycogenolysis or 
gluconeogenesis), then solve for the remaining 
variable according to Equation 1 . 

Some of the discrepancies reported in the literature 
concerning the contribution of gluconeogenesis and 
glycogenolysis to hepatic glucose production may 
originate from differences in the experimental 
methods used to quantitate these processes. Methods 
for measuring gluconeogenesis include splanchnic 
arterio-venous (A-V) substrate balance, radioisotope 
dilution, various mass isotopomer dilution analyses 
(MID A) and deuterium enrichment of de novo synthe- 
sised glucose. Some of the methods described for 
measuring glycogenolysis are serial liver biopsy for 
biochemical determination of glycogen concentration 
and NMR spectroscopy to assess changes in liver 
13 C-glycogen content. Invasive techniques, such as 
liver biopsy and splanchnic balance (A-V difference) 
are generally not performed in clinical research. The 
methods available for measuring gluconeogenesis are 
limited by a number of factors, including isotope 
exchange and dilution, in vivo sampling constraints, 
substrate cycling phenomena, assumptions and 
estimated constant values used in the equations for 
calculating results and the contribution of renal 
gluconeogenesis to the glucose production rate [261. 
The M1DA technique based on measuring 
l3 C-glycerol flux for determining gluconeogenesis has 
come under critical review [27-29], while other stable 
isotope-based techniques appear to be gaining 
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acceptance [30,31]. The measurement of hepatic 
glycogenolysis by NMR spectroscopy has been 
favourably reviewed [32] but the results obtained may 
be influenced by the dietary pretreatment regimen 
required to achieve hepatic glycogenic enrichment, 
assumptions regarding liver volume and variations in 
subject positioning in the magnet [33,34]. 

Using the methods described above, estimates vary on 
the relative contribution of gluconeogenesis and 
glycogenolysis to hepatic glucose production. In 
healthy, post-absorptive subjects, the proportion of 
hepatic glucose production reported to be attributed 
to gluconeogenesis ranges from 40 - 70% (with 
glycogenolysis comprising the balance, e.g., 30 - 
60%). With more prolonged fasting (> 16 h). 
gluconeogenesis appears to be the predominant (> 
90%) contributor to hepatic glucose production 
[35-371. These estimates may be complicated by 
hepatic glucose-glycogen cycling [24,38,391 which is 
not taken into consideration in some of the methods 
described above. It is difficult to conclude firmly that 
either parameter has a quantitatively greater role to 
the regulation of hepatic glucose production in 
healthy volunteers; indeed, many conclude that the 
contributions are similar [33]. In type 2 diabetics, the 
situation is also uncertain, since in the few studies 
performed, the gluconeogenic contribution to the 
observed rate of hepatic glucose production has 
ranged from 25 - 88%. It is generally recognised that 
type 2 diabetics display elevated hepatic glucose 
production; in some studies this is due to proportion- 
ally greater gluconeogenic rates [34,36,37] but others 
[40,41] suggest that glycogenolysis is the elevated 
component. 

It is unclear, therefore, whether inhibition of hepatic 
glycogenolysis can normalise hepatic glucose produc- 
tion in type 2 diabetic patients. There does, however, 
appear to be a prospect of affecting 30 - 60% of total 
hepatic glucose production by blocking glycogen- 
olysis, or up to - 80% of total hepatic glucose 
production if blockade of glucose-glycogen cycling 
also occurs [38,391. Finally, episodic hypoglycaemia is 
observed in patients with type VI glycogen storage 
disease who lack hepatic glycogen phosphorylase 
[42]; this supports the contention that pharma- 
cological interruption of hepatic glycogenolysis could 

reduce glucose levels in type 2 diabetics. 

^ 
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Figure 2: The enzyme glycogen phosphorylase associates with the glycogen macromolecule and catalyses the addition of phosphoric 
acid across the 1 ,4-anomeric linkage, releasing glucose- 1 -phosphate and a glycogen macromolecule shortened by one sugar residue. 
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3 . Glycogen phosphorylase and inhibitors 

3.1 Occurrence and properties of glycogen 
phosphorylase 

Under physiological conditions, the enzyme glycogen 
phosphorylase associates with the glycogen 
macromolecule and catalyses the addition of 
phosphoric acid across the 1 ,4-anomeric linkage, 
releasing glucose- 1 -phosphate and a glycogen 
macromolecule shortened by one sugar residue 
(Figure 2). Humans, as well as other non-human 
mammalian species, express three distinct isoforms of 
this enzyme, liver, brain and skeletal muscle. These 
proteins are products of distinct genes, located on 
(human) chromosomes 14, 20 and 11, respectively. All 
three human isoforms of glycogen phosphorylase 
have a molecular weight of - 97 kDa (for the 
monomelic form) and share approximately 80% 
amino acid identity [43]. The active form of the 
enzyme is a homodimer consisting of two identical 
monomelic subunits (194 kDa total), associated with 
very high affinity to one another. Phosphorylase 
activity is regulated physiologically by hormonal and 
neuronal signals that alter phosphorylation at serine 
14 in each subunit. In the liver it is the phosphorylated 
form (GPa) that has the preponderance of glycogeno- 
lytic activity. Catalytic activity of the 
unphosphorylated form of liver phosphorylase (GPb) 
is negligible by comparison. 

3.1.1 Identity and function of ligand binding sites 
of glycogen phosphorylase 

The liver isoform of human glycogen phosphorylase 
(HLGP) is the target for therapeutic intervention with 
glycogen phosphorylase inhibitors (GPIs) in type 2 
diabetes. HLGP is a principal determinant of hepatic 
glucose production from glycogenolysis and blood 
glucose levels in type 2 diabetics. In contrast, the main 
role of the human muscle isoform of phosphorylase 



(HMGP) is to initiate metabolism of muscle glycogen 
to provide energy to the muscle during exercise, so 
the muscle isoform is not the principal target of a GPi 
intended to treat hyperglycaemia. In addition to 
phosphorylation at serine- 14, phosphorylase activity 
is also regulated physiologically by glucose, ATP and 
glucose-6-phosphate, which act as inhibitors and by 
AMP, which is an activator. X-ray crystallography 
studies, primarily using the rabbit muscle and human 
liver enzymes, have established binding sites for these 
ligands and for other GPIs. The physical relationship 
of these sites to the phosphorylation site and 
pyridoxyl phosphate co-factor is shown in Figure 3. 
Glucose binds at the active site where the phosphory- 
lase reaction occurs. AMP, ATP and G-6-P bind at a 
distant allosteric site termed the nucleotide activation 
site or AMP site. The glycogen binding site associates 
GP with the glycogen particle. Additionally, two other 
binding sites have been identified in mammalian GPs 
for which no physiological role has yet been firmly 
established. Inhibitory ligands for these sites will be 
discussed below. The first is the purine or nucleoside 
inhibitor site, which binds caffeine and other nucleo- 
sides and is located about 10A from the catalytic site. 
The second is the indole inhibitor site, which exists 
within a solvent-filled cavity at the subunit interface of 
the homodimeric enzyme and binds certain indole- 
containing inhibitors (Figure 3). As discussed below, 
this binding site has only recently been reported and 
has no known physiological ligand. 

Various species and tissue isoforms of GP, either in the 
phosphorylated or unphosphorylated state, have 
been used to assess the inhibitory activity of putative 
inhibitors. Most work has used phosphorylated or 
unphosphorylated rabbit muscle glycogen phospho- 
rylase (RMGPa and RMGPfi). or the phosphorylated 
recombinant human liver enzyme (rHLGPa). Certain 
inhibitors have been shown to possess qualitatively 
similar enzyme inhibitory activity independent of 
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Figure 3: Composite representation of glycogen phosphorylase homodimer and its effector sites. The figure is a composite created in 
ribbons [83] of the co-ordinates of HLGPa complexed with AMP [84] and ligands from the crystal structures of HLGPa complexed 
with CP-403,700 and the glucose analogue, 1 -GlcNac (2) [68] and the complex of HLGPfl/CP-403700/l-GlcNac/caffeine (Ekstrom, 
JE, Rath VL, unpublished data). 




AMP site 
Phosphorylation site 




PLP cofactor 
Purine inhibitor site 
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phosphorylation state (e.g., RMGPa and RMGPZ?), or 
tissue isoform (e.g., rHLGPa and recombinant human 
muscle GPa, rHMGPa) in some of the articles cited 
herein. However, structural differences exist between 
enzyme isoforms and the experimentally determined 
inhibitor activity may depend on phosphorylation 
state and concentration of allosteric effectors (e.g., 
AMP or glucose). Consequently caution must be 
exercised in comparing enzyme inhibitory potencies 
measured under non-identical conditions. 

3.2 Synthetic inhibitors of glycogen 
phosphorylase 

3.2.1 Active site inhibitors 

-D-Glucose (1) inhibits RMGPZ? with a K { of 2 mM by 
binding at the glucosyl recognition site for its 
substrate glycogen and product glucose- 1 -phosphate, 
respectively (G-l-P is also a substrate for the reverse 
reaction) [44]. While this site shows high selectivity for 
most elements of the glucosyl structure [45], latitude 
for structural changes at C-l is greatest and synthetic 
glucose analogue inhibitors of increased affinity have 
been achieved and shown to bind to this site [46]. The 



most potent monocyclic glucose analogue inhibitor is 
N-acetyl- -D-glucosamine (2, [47]), a 32 M inhibitor 
(Kj) of RMGPZ? and RMGPa. Glucose analogues 
showing the highest inhibitory activity are bicyclic 
compounds wherein a second ring is fused to the C-l. 
Glucopyranose spirohydantoin 3, with a Kj of 3.0 M 
versus RMGPZ?, is the most potent glycogen phospho- 
rylase inhibitor which has been shown to bind at the 
active site [48]. The sulphur analogue 4 also possesses 
similar enzyme inhibitory activity to 3 for phosphory- 
lated and unphosphorylated rabbit muscle and rat 
liver phosphorylases [49]. Tetrazole 5 is also an 
inhibitor of RMGPZ? (Kj = 58 mM) which binds to the 
active site. Inorganic phosphate is hydrogen-bonded 
both to 5 and to the phosphate of the co-factor 
pyridoxal-6-P in a ternary complex resembling the 
putative glycogenolysis transition state complex [50]. 

3.2.2 Azasugars 

Extensive literature exists on inhibition of glycosi- 
dases with naturally occurring polyhydroxylated 
nitrogen-containing heterocycles [51]. At least two of 
these heterocycles are also potent inhibitors of 
glycogen phosphorylase, (/?,i?,$-3-hydroxymethyl 
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Figure 4: Chemical structures of glucose and other glycogen phosphorylase inhibitors. 
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4,5-piperidinediol, 6 (isofagomine) [52,53] and 
(tf.tf.^^-hydroxymethyi-SJ-pyrrolidinediol, 7 
(l t 4-dideoxy-i t 4-imino-D-arabinitol, DAB) [54]. These 
structures have some features in common with 
glucose (1) but crystallographic determination of the 
binding site of either 6 or 7 is not reported. Several 
patent applications have been filed directed toward 6 
and 7 and analogues for treating diabetes by 
inhibiting glycogen phosphorylase and liver glucose 
production [101-104]. 



3.2.3 AMP site inhibitors 

Compound 8 (BAYR3401) is reported to inhibit 
hepatic glycogenolysis in vivo [55] following its 
metabolic conversion to compound 9 (BAY W1807) 
[56]. Compound 9 is a 1.6 nM inhibitor (Kj) of the 
unphosphorylated rabbit muscle enzyme and binds at 
the AMP-stimulatory site [57]. While 9 inhibits the 
phosphorylated rabbit muscle enzyme much less 
effectively (Kj of 19 M in the presence of AMP), it 
does so by making very similar binding interactions at 
this site [58]. In isolated hepatocytes and perfused 
liver from rats, the inactivation and inhibition of 
phosphorylase is attributed to the interaction of 9 with 
GPa (not GPU). Data showing hypoglycaemic activity 
for several lactone analogues of 8, as well as for 
compound 9 and its cyclic anhydride, are reported 
[105-107]. 
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3.2.4 Purine nucleoside site inhibitors 

Although this site has not been employed to design 
inhibitors targeted for therapy, its properties have 
been extensively studied. Flavopiridol (10) and flavin 
mononucleotide (FMN, 1 1 ) with Kj values of 1 M and 
10 M, respectively, against rabbit muscle phosphory- 
lase (a or b) , are the most potent inhibitors shown to 
bind to this site [59-61]. Caffeine (12, Kj - 50 mM) has 
the highest inhibitory activity of various xanthines that 
also bind here. These ligands exhibit synergistic 
inhibition with glucose and appear to derive most of 
their potency from intercalation of their aromatic rings 
between the side chains of phenylalanine and 
tyrosine residues. This intercalation rigidifies the loop 
of nearby residues which bind glucose at the active 
site, which in turn accounts for the synergistic inhibi- 
tion seen when a purine site inhibitor and glucose are 
both present [62]. The existence of a physiological 
ligand and its ability to modulate phosphorylase 
activity through this site has been proposed [63,64]. 

3.2.5 Indole binding site inhibitors 

Compound 13 (CP-91,149) was identified as a 1 10 nM 
(ICsq) inhibitor of recombinant human liver glycogen 
phosphorylase a (rHLGPa), by screening [65]. 
Subsequent structure-activity studies identified other 
highly potent rHLGPa inhibitors (to 80 nM IC50) in this 
and an analogous N- (indole-2-carbonyl) - 
phenylalanine series exemplified by 14 (CP-320,626, 
IC50 240 nM) [66]. These compounds and caffeine (1 2) 



© Ashley Publications Ltd. All rights reserved. 



Exp. Opin. Invest. Drugs (2001) 10(3) 



446 Glycogen phosphorylase inhibitors for treatment of type 2 diabetes mellitus 



Figure 4: Chemical structures of glycogen phosphorylase inhibitors. Continued. 
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both possess heterocyclic structural elements and 
show very similar glucose dependence (inhibitor 
potency increases approximately 5- to 10-fold as 
glucose concentration is increased from zero to the 
high end of the physiological range, ca. 10 mM). 
Nevertheless, a kinetic interaction of 13 with caffeine 
was seen [65] and subsequently a distinct binding site 
for these compounds was crystallographically 
determined. Compound 14 binds to RMGP6 [67] and 
compound 15 (CP-403,700, IC 50 = 45 nM) binds to 
rHLGPa [68,108], in the large symmetric cavity which 
exists at the subunit interface of the GP homodimer, 
where no previous ligand interactions are reported 
(Figure 3). One inhibitor is bound in each monomer 
subunit (two per homodimer). Compound 16 
(CP-526,423) has the highest reported enzyme inhibi- 
tory activity for rHLGPa of any compound (6 nM IC50) 
that binds to this site. This compound contains two 
5-chloroindole-2-carboxamide moieties, joined by a 



17 



diether linker, which bind identically to those in two 
molecules of 15 [68]. 

3.3 Pharmacology of glycogen phosphorylase 
inhibitors (GPIs) 

Most of the reports of the pharmacological action of 
GPIs are recent, consisting of the study of compounds 
7 (DAB), 8 (BAYR3401) and indoles 13-14 or 
analogues, in cell-based and animal models of type 2 
diabetes. 

3.3.1 Selectivity of phosphorylase inhibitors 

Indoles 1 3 and 1 4 display similar potencies against 
human phosphorylase isoforms (liver, brain, muscle) 
and against non-human phosphorylases (rabbit 
muscle). This non-selectivity is probably due to the 
high amino acid sequence identity/homology 
between these isozymes, particularly at the indole 
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Figure 5: Mechanism of hepatic glucose-glycogen cycling. The production of glucose (Glc) from glycogenosis and gluconeo- 
genesis (GNG, from lactate) is shown. Enzymes depicted are glycogen synthase (GS), glycogen phosphorylase (GP) and glucose-6- 
phosphatase (G6Pase); other enzymes, including phosphoglucomutase which converts ghicose-1 phosphate from glycogenolysis to 
glucose-6-phosphate (G6P), are not shown. The bracket represents the hepatocyte plasma membrane. The scheme summarises the 
results of radiolabeled studies tracing 14 C-lactate (*Lactate) metabolism through the glycogen (*Glycogen) and free glucose (*Glc) 
pools. In the Control state, *G6P produced from GNG has two rates: 1) direct dephosphorylation by G6Pase to *Glc and 2) cycling 
through the * Glycogen pool prior to dephosphorylation by G6Pase. In the GPI Inhibited state, GP activity is inhibited and GS is 
activated, resulting in increased incorporation of radiolabeled carbon from *Lactate into *Glycogen and reduced net *Glc production. 
The altered flux of GNG-derived G6P in the GPI inhibited state accounts for the apparent inhibition of GNG and the increased 
glycogenesis produced by CP-9 1,149 (13) and other indole GPIs. 

Control GPI inhibited 




*Lactate *Lactate 



binding site. With respect, however, to interactions 
with other enzymes, receptors and signalling proteins 
potentially involved in the regulation of hepatic 
glucose metabolism, 13 and 14 are very selective, 
showing no activity at high concentrations against 
these other targets [65]. Targets examined included 
-glucosidases, phosphoenolpyruvate carboxyki- 
nase, glucose-6-phosphatase, phosphoglucomutase, 
glucose-6-phosphate dehydrogenase, fructose 
-1,6-bisphosphatase, aldose reductase, sorbitol 
dehydrogenase, glycogen synthase, glucagon 
receptor, glycogen synthase kinase-3 and acetyl Co A 
carboxylase. Isofagomine (6) and DAB (7), are 
reported to inhibit -glucosidases [101,69]. Other data 
pertaining to the specificity of compounds 6-9 for 
inhibiting phosphorylase versus other targets are not 
reported. 

3.3.2 Inhibition of hepatic glycogenolysis and 
gluconeogenesis-glycogen cycling 

Since hepatic glucose production is the net effect of 
glycogen breakdown and gluconeogenesis, GPIs 
were predicted to effect the former but not the latter. 



This presumes that no interchange of intermediates 
occurs between the glycogen and gluconeogenic 
pathways and no hepatic autoregulation, the concept 
of a compensatory increase in one pathway when the 
other is inhibited to maintain net hepatic glucose 
production [24], occurs in vivo. To investigate this, 
inhibitors 13 and 14 were tested for effects on the 
gluconeogenic rate in hepatocytes and surprisingly a 
significant decrease was observed [65]. Under these 
conditions, we observed an expected decrease 
glycogenolytic activity in the liver cells but 
C-glucose produced from 14 C-lactate was markedly 
reduced, which corresponded with increased 
14 C-lactate incorporation into hepatic glycogen. Thus, 
it appears that these glycogen phosphorylase inhibi- 
tors indirectiy inhibit gluconeogenesis by disrupting 
the glucose/glycogen cycling involved in hepatic 
glucose production (Figure 5). These results support 
the contention for significant hepatic glucose- 
glycogen cycling in vivo [38]. A similar finding is 
suggested for the GPI BAYR3401 [55]. In contrast, 
studies performed with DAB (7) in primary rat 
hepatocytes demonstrated glycogenolysis inhibition 
but not glycogen cycling [70]. The other GPIs 
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Figure 6: Dose-response of glucose-lowering activity by 13 (CP-91,149) in (A) obese, diabetic ob/ob mice and (B) lean, non-diabetic 
control mice Mice were treated with vehicle or 13 as indicated and plasma glucose concentration was determined 3 h later. Values 
(mg/dl)representthemean SEM for 10 -60 mice per group. Significant (*p<0.01) decrease by 13 compared with the vehicle control 
group. Reprinted with permission from [65]. 
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discussed here are not reported to produce a similar 
effect on gluconeogenesis. 

In cell-based assays, GPls have also been associated 
with a reduction in the percentage of enzyme present 
in the active GPa form. Both the indole GPIs, as well 
as D-glucose, 2-deoxyfluoroglucose, N-acetyl- 
-D-glucosamine (2), spirohydantoin 3 , BAYR3401 (8) 
and caffeine (12), [56,71-74] have been reported to 
inhibit GPa and enhance the dephosphorylation of 
the GPa complex to the inactive conformation GPZ>. 
This is thought to occur as a result of the binding- 
induced conformational changes that make GPa a 
better substrate for the regulatory phosphatase PP1 
[74]. Indeed, enhanced PP1 -mediated dephosphoryla- 
tion of GPa in the presence of GPIs has been 
demonstrated [68]. Further, by reducing GPa levels in 
cells, PP1 may become disinhibited from the 
GPa-mediated allosteric inhibition that is mediated 
through the Gl targeting subunit [75]. This could result 
in an indirect activation of glycogen synthase, which 
is activated when dephosphorylated by PP1 [56], 
although a G6P-mediated mechanism is also 
implicated from some studies using deoxyfluoroglu- 
cose analogue inhibitors of GP [72]. Thus, net hepatic 
glucose production could be reduced under 
GPI-treated conditions through: 

• Direct inhibition of glycogenolysis 

• Indirect inhibition of gluconeogenesis 

• Indirect activation of glycogen synthase 



This hypothesis is consistent with the description of 
highly regulated liver glycogen metabolism by Bollen 
[76]. Experiments are ongoing to examine these 
pathways to better understand their physiological 
importance toward a GPIs glucose-lowering pharma- 
cology and whether there are any potential 
limitations, e.g., glycogen storage disease, for this 
mechanism. 

333 In vivo glucose-lowering 

GPIs that inhibit liver GP enzymatic activity in vitro 
and reduce glycogenolysis in hepatocytes and/or 
intact liver also display acute glucose-lowering in vivo 
in diabetic ob/ob mice. The GPIs 13 and 14 have 
demonstrated dose-dependent glucose-lowering at 3 
h following a single oral dose (Figures 6 and 7) 
[65,66]. For 14, effective doses result in glucose- 
lowering for up to 10 h post-dose; by 24 h post-dose, 
the 14 -treated animals returned to their hypergiy- 
caemic baseline and are indistiguishable from 
vehicle-treated controls. The time course for glucose- 
lowering efficacy by 1 4 is consistent with its pharma- 
cokinetic properties (plasma and liver half-life) in the 
diabetic ob/ob mouse. The glucose-lowering 
observed by GPI treatment is associated with the 
acute inhibition of hepatic glycogenolysis in vivo as 
determined using a radiolabelling technique [65]. 
Several other glycogen phosphorylase inhibitors, 
specifically compounds 7 (DAB), [54] 8 (BAYR3401), 
[55] and 2,5-anhydro-D-mannitol [78] have also 
demonstrated acute glucose-lowering in diabetes- 
related models in vivo. Cumulatively, these results 
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Figure 7: Time course of glucose-lowering following oral dosing of 13 in diabetic ob/ob mice. Vertical lines show SEM. Each point 
represents 35-66 mice per group. Significance (§§§p < 0.001, < 0.01) by unpaired t-test relative to vehicle control groups. Data 
reprinted with permission from [66]. 
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support the contention that hepatic glycogenolysis is 
an important contributor to diabetes-associated 
hyperglycaemia and that inhibition of hepatic 
glycogen phosphorylase results in significant 
glucose-lowering in vivo, 

3.3.4 Multiple dose effects 

In preliminary studies, we administered compound 
1 4 to diabetic ob/ob mice for two weeks to determine 
multiple dose glucose-lowering efficacy, tissue 
glycogen levels and effects on restoration of 
metabolic control [78]. Chronic administration of 14 
(10 mg/kg, b.i.d.) was associated with sustained 
reductions in fed-state glucose levels over the 
two-week study period. Fasting glucose levels were 
unaffected by 1 4 , consistent with a reduced hepatic 
glycogen content fasted state. Oral glucose tolerance 
was improved by treatment with 14, as reflected in 
reduced peak glucose excursion during the OGTT. 
Modest (+ 30%) elevation of hepatic glycogen content 
was observed five days after the initiation of 14 
treatment but further elevation despite continued 
dosing was not observed between days 5 and 15 of 
the study. Likewise, treatment with 1 4 was associated 
with increased muscle (3- to 6-fold) glycogen concen- 
tration that reached a plateau by day 5 of the study. 
Importantly, mobilisation of skeletal muscle glycogen 
during electrically induced leg muscle contractions 
was not impaired by chronic 14 treatment in these 
diabetic ob/ob mice. Further, chronic administration of 



14 was associated with reduced plasma ' lipids and 
lactate levels and was without compensatory 
hyperglucagonaemia. Collectively, the results suggest 
that GPIs could be useful as chronic therapy for 
controlling hyperglycaemia and possibly restoring 
secondary metabolic control in type 2 diabetics. 

;3.3.5 Lack of hypoglycemia 

Indole GPIs have been studied in a variety of 
preclinical animal models and treatment has not been 
associated with incidence of hypoglycaemia. In 
diabetic ob/ob mice, glucose-lowering is observed to 
the limit of normoglycaemia on treatment with 
compounds 13 or 1 4 at doses up to 50 mg/kg and in 
non-diabetic littermates, mice remain euglycaemic to 
doses as high as 100 mg/kg [65,66,78]. We hypothesise 
that the in vitro glucose dependence displayed by 
GPIs for inhibiting the GP enzyme affords in vivo 
efficacy predominantly in hyperglycaemic states, 
which is an important safety consideration in 
developing new therapeutic agents for treating 
diabetes. 

3.3.6 Potential for cardioprotective effects 

In evaluating liver glycogen phosphorylase inhibitors 
for potential use as antidiabetic agents, compounds 
were identified that also inhibited the muscle and 
brain phosphorylase isoforms. Since both muscle and 
brain glycogen phosphorylases are expressed in the 
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myocardium and glycogen breakdown during 
ischaemia/ reperfusion injury may contribute to infarct 
development [79], we examined whether a indole GPI 
could provide cardioprotection. A rabbit Langendorff 
model of ischaemia/reperfusion injury was utilised to 
evaluate the cardioprotective effects of constant 
perfusion with 5 M of compound 1 7 , an inhibitor of 
the human brain (IC50 = 55 nM) and human muscle 
(IC50 = 121 nM) GP isoforms. Examination of the 
cardiac tissue at the end of the ischaemic/reperfusion 
period showed a 50% reduction (p < 0.05) in the 
infarct area relative to the area at risk due to 
CP-380867 treatment, compared with untreated hearts 
[80,109]. Since glycogen breakdown and anaerobic 
metabolism of the glucose produced can lead to the 
production of lactate and [H + ] ions which are thought 
to contribute to the myocardial damage incurred 
during ischaemia [81], the GPFs apparent benefit is to 
reduce the production of these metabolites from 
glycogen. Recently, similar cardioprotective findings 
have been reported for inhibitors of the glycogen 
debranching enzyme, MOR-14 and miglitoi [82]. 
These results indicate that agents that lower glucose 
by inhibiting glycogenolysis may also provide protec- 
tion to the myocardium during periods of ischaemic 
injury. As type 2 diabetic patients are at increased risk 
for the development of cardiomyopathies and display 
increased morbidity and mortality due to cardiovas- 
cular diseases, an agent that both lowers glucose and 
positively impacts myocardial metabolism may be 
advantageous as a therapeutic agent. 



4. Expert opinion and future directions 

Preclinical evidence strongly suggests that inhibition 
of hepatic glycogen phosphorylase could be an 
effective approach to achieve glucose-lowering in 
patients with type 2 diabetes. The indole GPIs discov- 
ered at Pfizer Global Research & Development are 
believed to be the first and most advanced agents 
developed toward this end. Compounds in this class 
have been studied clinically, currently to Phase II and 
preliminary results have confirmed their glucose- 
lowering potential. Based on a novel mechanism of 
action by inhibition of a specific molecular target, 
hepatic glycogen phosphorylase, we are optimistic 
that clinical agents will be successfully developed to 
lower glucose without hypoglycaemic risk, as 
monotherapy or in combination with other agents, 
based on complementary mechanisms of action. 



Furthermore, other distinctive features of a GPI, such 
as cardioprotection, may impact the cardiovascular 
risk in the diabetic population and serve to differen- 
tiate a GPI as an agent of choice for drug therapy. 
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